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Abstract: 
Effective fuel injector operation and efficient combustion are two of the most critical aspects 
when Diesel engine performance, efficiency and reliability are considered. Indeed, it is 
widely acknowledged that fuel injection equipment faults lead to increased fuel consumption, 
reduced power, greater levels of exhaust emissions and even unexpected engine failure. 
Previous investigations have identified fuel injector related acoustic emission activity as 
being caused by mechanisms such as fuel line pressure build-up; fuel flow through injector 
nozzles, injector needle opening and closing impacts and premixed combustion related 
pulses. Few of these investigations however, have attempted to categorise the close 
association and interrelation that exists between fuel injection equipment function and the 
acoustic emission generating mechanisms. Consequently, a significant amount of ambiguity 
remains in the interpretation and categorisation of injector related AE activity with respect to 
the functional characteristics of specific fuel injection equipment. The investigation presented 
addresses this ambiguity by detailing a study in which AE signals were recorded and 
analysed from two different Diesel engines employing the two commonly encountered yet 
fundamentally different types of fuel injection equipment. Results from tests in which faults 
were induced into fuel injector nozzles from both indirect-injection and direct-injection 
engines show that functional differences between the main types of fuel injection equipment 
results in acoustic emission activity which can be specifically related to the type of fuel 
injection equipment used.  
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1. Introduction 
It is of no surprise that a continuing interest exists in the development of non-intrusive 
acoustic emission (AE) based methods for monitoring fuel injection in Diesel engine. Indeed, 
it is widely acknowledged that Diesel engine fuel injector faults can lead to reduced power, 
increased fuel consumption, greater exhaust emission levels and even premature engine 
failure. Injector related AE activity has been recognised by various authors as being caused 
by the build-up of pressure in the high pressure fuel lines; high pressure fuel flow through 
injector nozzles, injector needle related opening and closing impacts; large premixed 
combustion related pulses and less efficient air-fuel mixing.  
 
For example, in one of the earliest studies of its type Gill et al. [1] investigated the use of AE 
in monitoring Diesel engine combustion. In this preliminary study Gill et al. [1] highlighted 
the potential use of AE in the detection of misfire and reduced injector discharge pressure. 
This preliminary study was soon followed by a subsequent investigation in which Gill et al. 
[2] examined the effects that three different injector discharge pressures had on raw AE 
signals. This study [2] identified the increase in AE activity seen to commence just prior to 
piston top-dead centre (TDC) as being caused by the build-up of pressure in the high pressure 
fuel lines.  
 
Frances et al. [3] also sought to investigate the use of AE signals to monitor injector faults in 
a small four cylinder direct injection Diesel engine. The study found that under normal 
running conditions, combustion occurred with a number of ignition points resulting in a 
number of smaller combustion pulses which all generated AE. Similar combustion pulses 
were also identified as generating AE activity in large two-stroke Diesel engines by Douglas 
[4]. However, due to wide variations in Diesel engine fuel injection system (FIS) design and 
the close association and interrelation that exists between injector function and AE generating 
mechanisms, a significant amount of ambiguity remains in the interpretation and 
categorisation of injector related AE activity in terms of the specific FIS functional 
characteristics.  
 
This paper addresses the ambiguity in the interpretation and categorisation of FIS operation 
and resultant AE activity by presenting an investigation in which AE signals were analysed 
from a 4 cylinder naturally aspirated engine featuring an IDI combustion chamber design and 
pintle-type fuel injectors. The results presented in the subsequent sections show that the 
functional differences between these two different types of FIS result in AE activity which 
can be related to the overall design classification.  
 
2. Experimental facilities, data acquisition and methodology 
The experimental facility consisted of a naturally aspirated Perkins 404C-22 Diesel engine that 
was coupled to an Olympian 415 Volt, three-phase generator. The Perkins engine is of an IDI 
prechamber design with mechanically operated FIS and pintle-type injectors. The Perkins 
engine is shown in Figure 2.  
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Figure 2: (a) The Perkins  test engines and (b) The pressure and AE sensor positions on the head of the Perkins 
engine 
 
Two separate data acquisition (DAQ) systems were used to record data throughout the 
investigation. The first of these DAQ systems was used to simultaneously record raw AE  and 
TDC signals at a sampling rate of 1 MHz. The second DAQ system was used to record 
comparative AE RMS, cylinder pressure and top-dead centre (TDC) data using a sampling 
rate of 50 kHz.  
 
During the pintle-type injector tests AE signals were recorded from the Perkins engine using 
a Physical Acoustics Corporation MICRO-30D sensor mounted to the head of the engine in 
close proximity to cylinder 1 whilst pressure signals were recorded from a Kistler 6056A 
pressure sensor installed into cylinder 1 using a suitable glow-plug adapter. These sensor 
positions are shown in Figure 2(b).  
 
3. Injector nozzle fault combustion effects 
Figure 3 shows the compression, TDC and power stroke portions of averaged cylinder 
pressure traces from the pintle-type nozzle fault test in which the engine was operated at 1500 
rpm under full load. These averaged pressure traces were again produced using approximately 
60 engine cycles from the normal, damaged pintle, and incorrect pintle engine operating 
conditions. Figure 3 shows that the averaged pressure traces from the pintle-type nozzle test 
show little change in terms of both overall cylinder pressure amplitude, and combustion 
output with regards to the induced fault conditions. It is assumed that the small variations in 
the pressure traces seen in Figure 3  between 360˚ (TDC) and 390˚ are the result of the 
different fuel spray characteristics caused by the induced pintle faults and the slight cracking 
pressure tolerance related variations associated with the three different injectors used 
throughout the test. 
 
 
Figure 3: Average cylinder pressure plots for the pintle-type nozzle tests 
 
4. FIS related acoustic emission 
Preliminary observations using raw AE signals recorded under both normal and misfire 
engine conditions were undertaken. Recorded AE signals were truncated using simultaneously 
recorded TDC signals into portions corresponding to individual engine cycles. This process 
allowed the AE signal portions to be mapped and presented in terms of crank-angle in a 
similar fashion to that described by Fog [11]. This allowed the nominal crank-angle timing 
values associated with both injector and valve function to be included into the AE plots.  
 
As seen in Figure 4, the three smaller regions are named (i) the injector operation region; (ii) 
the premixed/diffusion combustion region; and (iii) the extended response region. The 
injector operation region encompasses that portion of the AE signal that is categorised as 
containing injector operation related AE activity similar to that reported by Gill et al. [2], 
Douglas [4] and Elamin et al. [12]. This activity originates as a consequence of pressure 
build-up in fuel lines, needle actuation and the initial high pressure fuel flow through the 
injector nozzle. The premixed/diffusion combustion region shown in Figure 4 is categorised 
as containing both premixed combustion or Diesel knock related pulses and diffusion 
combustion related AE activity similar to that reported by Frances et al. [3]. The extended 
response region similar to that described by Gill et al. [2] is categorised as containing AE 
activity from the latter stages of combustion. 
 
Figure 4: A plot showing a close-up of the injector related portion of an AE signal recorded 
with the three regions of interest  
 
 In order to further categorise injector related AE activity, the normal injector operation 
related AE signal shown in Figure 4 was compared to an equivalent misfire operation related 
AE signal that is shown in Figure 5. As the injector is deactivated, the injector related AE 
signal recorded under this condition does not contain any injector operation, fuel flow or 
combustion related AE activity. Figure 5 shows that the misfire condition is readily 
distinguishable in all three regions by a general absence in AE activity when compared to 
Figure 4. However, Figure 5 shows that a relatively small AE pulse can be seen at 
approximately 382˚. Based upon previous work [13] which highlighted piston slap as 
occurring approximately 10˚ to 20˚ after TDC, it is believed that this pulse - which is usually 
masked by combustion related AE activity - is caused by piston slap as the piston in the 
misfiring cylinder proceeds through the TDC position.  
(i) 
Injector 
Operation 
Region 
(ii) 
Premixed/Diffusion 
Combustion 
Region 
(iii) 
Extended Response 
Region  
Combustion 
Pulse 
 
Figure 5: A plot showing a close-up of the injector fault related portion of an AE signal 
recorded during the misfire engine operating condition 
 
 
Figure 6: Graph showing summed energy values for the pintle nozzle fault tests 
 
The summed energy values corresponding to the various pintle injector fault cases are shown 
in Figure 6. Figure 6 shows that a reduction in summed energy is evident under the full load 
condition between the normal, minor, and severe pintle fault cases. However, this trend is not 
evident for the no load case. Indeed energy values for the no load case are seen to increase 
marginally with fault severity. These two conflicting trends suggest that a consistent summed 
energy trend across the two load settings is not identifiable.  
Figure 7 shows that under normal full load operation, the summed energy values from the first 
and second regions were 10 V and 5 V respectively whilst the largest summed energy value 
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(29 V) was calculated for the third region. This indicates that the largest contribution to 
overall injector related AE activity originates as combustion progresses into the diffusion 
stage. It is also seen that the diffusion related contribution to overall AE activity decreases as 
nozzle fault severity increases.  This decrease is believed to be due to an increase in the 
amount of fuel that combusts later during the power stroke when combustion chamber volume 
begins to increase rapidly. Figure 7 also shows that under full load operation, the distribution 
of the summed energy between the three regions remains comparable for all three fault 
conditions. This indicates that the induced pintle faults do not significantly affect the 
distribution of the AE activity within the regions. This highlights the soft combustion 
characteristics and nozzle fault immunity that is associated with IDI Diesel engines.  
 
 
Figure 7: Summed energy values for the pintle-type injector tests for full load engine operation 
 
5. CONCLUSIONS  
The results presented throughout this paper have shown that functional differences between 
IDI and DI FIS results in AE activity which can be specifically related to the type of FIE 
used. The results showed that this progressive reduction in the amount of injected fuel was 
generally mirrored by a decline in summed AE energy between the small fault, large fault, 
and misfire conditions. Increased premixed combustion related AE activity was however, 
identified and interpreted as being indicative of AE signal sensitivity to injector operation and 
to premixed combustion related activity. 
 
Three different pintle-type nozzle fault conditions were also induced.  Whereupon it was 
found that the induced pintle faults did not produce a decrease in engine output as these faults 
did not result in reduced injected fuel quantities. Results showed that under no load operation, 
the majority of the AE activity was identified as being combustion related. Under full load 
conditions however, the AE contributions were more evenly distributed between FIS 
operation and combustion related sources. Overall it was found that the induced pintle nozzle 
faults had little effect in terms of overall AE activity owing to the relative immunity that IDI 
engines have to fuel spray characteristics. 
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